Background
==========

The analysis of electrical fields induced by magnetic stimulation has been addressed by many authors. However, possible domain non-homogeneity, non-linearity, or anisotropy usually have not been considered, even in relatively recent works \[[@B1]-[@B5]\]. However, some studies have to some extent taken into account media characteristics \[[@B6]-[@B9]\], and Miranda et al. \[[@B10]\] did consider non-homogeneity in brain tissue layers. Non-homogeneities do influence correct coil design, excitation current, and positioning with respect to stimulation sites.

It is well known that excitation of peripheral nerves is achieved by electrical current or magnetically induced current, especially by the component parallel to the nerve, as ensuing from the well-known cable equation \[[@B1]\]:
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where *V*~*m*~, τ, λ, are, respectively, the transmembrane potential, the membrane time-constant, and the fiber length constant.

With magnetic stimulation, the *Jz*component, only a fraction of the globally induced current field pattern, is associated with the properties of the conductive medium. The induced current density (*J*) distribution depends on the electric field, but also on the tissue specific resistivities. Excitation will occur at sites where the local current density exceeds a certain threshold.

The cross-section of the wrist region anatomical structure is shown in Fig. [1](#F1){ref-type="fig"}. The induced fields should be assessed by modeling, taking into account the real characteristics of this magnetically homogeneous and markedly electrically non-homogeneous structure. Constructing a model based on homogeneous medium only would lead to inaccurate results. Assessment of the possible errors involved with such a model requires special investigation, which exceeds the aims of this report.

![(a) -- Upper limb, with the wrist region level marked; (b) -- Horizontal cross-section of the wrist region.](1475-925X-2-19-1){#F1}

When diagnosing, for example, nerve compression in the carpal canal by using magnetic stimulation, one difficulty is the need for separate excitation of the median and ulnar nerves. The electromyogram examination for diagnosis of nerve compression in the carpal canal is done routinely by electrical stimulation of n. medianus over the wrist, and recording the evoked potential from the 3^rd^finger (the 4^th^finger is also partly innervated by n. medianus). More proximal stimulation is not recommended, especially for the diagnosis of carpal tunnel syndrome, as other injury may be present along the nerve.

The problem of separate electrical stimulation of n. medianus and n. ulnaris is especially complicated in babies and small children, due not only to the small size of the member, but also to the intensive pain involved.

From a biomedical engineering point of view, the problem is related to the induced electrical field and the resulting current density distribution analysis in non-homogeneous and anisotropic biological structures.

The above considerations defined our main study objectives :

• to show and assess the differences between induced fields and current density with and without accounting for non-homogeneity, using an adequate model of the stimulated object;

• to assess the possibility of selective median and ulnar nerve stimulation in the wrist region.

Methods
=======

A 3D model of the carpal region was constructed (Fig. [2](#F2){ref-type="fig"}), simulating the non-homogeneous anatomical structure (maximum diameter 7 cm, length 4 cm), using ANSYS 5.7 (Ansys, Inc., Houston, USA). For the purpose of simplifying the finite element model (FEM) mesh structure, some regions of approximately equal conductivity were joined in common sub-areas, as seen by comparing Fig. [1](#F1){ref-type="fig"} and Fig. [2](#F2){ref-type="fig"}. The 3D model was obtained by translation of a 2D section, obtaining a quasi-cylindrical domain with 4 cm generatrix. This dimension was considered to be anatomically acceptable.

![Finite element model of the wrist region. Domains with different conductivities are marked by colors, referenced in the text (Section 2). Fan-like excitation coils are placed in two basic positions, marked (A) and (B).](1475-925X-2-19-2){#F2}

In addition, this study involved the use of MATLAB 5.2 (MathWorks, Inc., Natick, USA), Mathematica 4.0 (Wolfram Research, Inc., Champaign, USA) and several in-house developed linking modules.

The designed model consisted of 20,520 nodes and 114,638 \'solid 97\' elements. The software automatically selects one of four options, depending on the sub-regions structure (Fig. [2](#F2){ref-type="fig"}). Two model versions were considered, allowing assignment of different resistivities to the respective regions, as follows:

a\) homogeneous structure of specific resistivity ρ = 5 Ω*m*; the value was chosen as a very approximate average of the conductivity of nerves.

b\) non-homogeneous structure that takes into account the anisotropy of the nerves and the muscles. The specific resistivities were chosen to correspond to the regions marked in Fig. [2](#F2){ref-type="fig"}, as follows \[e.g. \[[@B6],[@B11]\]\]:

**M~1~**-- connective tissue, buffer zone between various tissues - ρ~1~= 10 Ω*m*;

**M~2~**-- tendons - ρ~2~= 5 Ω*m*;

**M~3~**-- extracellular space - ρ~3~= 6 Ω*m*;

**M~4~**-- blood vessels - ρ~4~= 2.5 Ω*m;*

**M~5~**-- nerves - ρ~5*x*~= ρ~5*y*~= 10 Ω*m*; ρ~5*z*~= 1 Ω*m*;

**M~6~**-- bone - ρ~6~= 160 Ω*m*;

**M~7~**-- cartilage - ρ~7~= 40 Ω*m*;

**M~8~**-- skin and fat - ρ~8~= 20 Ω*m*;

**M~9~**-- articular disc - ρ~9~= 60 Ω*m*;

**M~10~**-- muscles - ρ~10*x*~= ρ~10*y*~= 13.2 Ω*m*; ρ~10*z*~= 1.9 Ω*m*;

The medium was taken to be magnetically homogeneous, with relative magnetic permeability μ~*r*~= 1 assigned to all sub-regions.

The external magnetic field was excited by five identical square-shaped coils (1 cm side) in fan-like configuration (slinky coils \[[@B8]\]), positioned 5 mm above the skin (due to the need for adequate coil isolation). The 1 cm active coil length was chosen taking into account the model length, limited to ± 2 cm, and also the fact that although of small size, such coils can be manufactured.

The excitation currents for the coils were generated by RLC-contour capacitor discharge (R = 1.75 Ω, L = 5.146 μH, C = 32 μF), with I = 1000A (peak current). The initial current slope (*di*(*t*) / *dt*)~*t*=0~was assessed to be 10^7^*A*/*s*, at f = 10 kHz approximate equivalent frequency in stationary sinusoidal mode. The influence of skin, proximity and twisting effects \[[@B12]\] were not considered in the computations for R and L.

Two coil positions were studied (Fig. [2](#F2){ref-type="fig"}): (A) for stimulation of the median nerve, and (B) for stimulation of the ulnar nerve. The same type of coordinate system was used for each of the coil positions: Z-axis along the quasi-cylindrical surface generatrix (i.e. parallel to the nerves), Y-axis perpendicular to the surface, and X-axis tangent to the surface. Z = 0 was selected at the center of the common part of the coils.

The coil disposition (Fig. [2](#F2){ref-type="fig"}) with respect to the two nerves yielded the following distances (from the center of the active conductor to the center of the respective nerve): from coil A to the median nerve 13,5 mm and to the ulnar nerve 40 mm; from coil B to the median nerve 38 mm and to the ulnar nerve 18,3 mm.

The analysis of the induced eddy fields in the non-homogeneous domain was performed according to a previously developed approach \[[@B9]\]. Its main points are:

a\) Defining the field of the external electromagnetic source by the equation for the magnetic vector potential of a current contour \[e.g. \[[@B13]\]\]:

![](1475-925X-2-19-i2.gif)

For a number of ***n***coils, each of ***w***windings, and currents *i*~*k*~(*t*), *k*= 1,2,\...,*n*, the following equation was used:

![](1475-925X-2-19-i3.gif)

b\) Calculation of the three vector-potential components ***A*~*x*~**, ***A*~*y*~**and ***A*~*z*~**for the nodes which belong to the boundary regions of the examined 3D volume (1900 nodes). These potentials were introduced as Dirichlet boundary conditions.

The relation for ![](1475-925X-2-19-i4.gif) in 3D medium, taking into account non-homogeneity and for a region without internal current sources, can be presented as \[e.g. \[[@B14],[@B15]\]\]:

![](1475-925X-2-19-i5.gif)

For magnetically homogeneous media (μ = *const*), using the Coulomb gauge *div*![](1475-925X-2-19-i4.gif) = 0 and neglecting the field potential component φ, the homogeneous form of the diffusion equation is obtained:

![](1475-925X-2-19-i6.gif)

For sinusoidal harmonic potentials the Helmholtz equation was used:

![](1475-925X-2-19-i7.gif)

where σ = 1/ρ is the specific conductivity of the respective region.

The strict solution of the problem for φ ≠ 0 and *div*![](1475-925X-2-19-i4.gif) = 0, neglecting the current of the electrical induction, requires the use of a system of equation \[[@B14],[@B16]\]:

![](1475-925X-2-19-i8.gif)

![](1475-925X-2-19-i9.gif)

In case of non-homogeneous medium with small differences between specific conductivities, the surface charges ρ~*s*~at the boundaries are neglected \[[@B15]\] and respective φ ≡ 0.

c\) The boundary conditions at the interface between different media are obtained automatically by the FEM \[[@B15]\], in connection with the principles of continuity, ensuing from the Maxwell equations.

d\) The induced electrical field vector in homogeneous sub-regions is determined in the FEM by the following relations:

![](1475-925X-2-19-i10.gif)

or in the harmonic mode:

![](1475-925X-2-19-i11.gif)

The respective current density is:

![](1475-925X-2-19-i12.gif)

Results
=======

The boundary conditions for the magnetic vector potential ![](1475-925X-2-19-i4.gif) (*x*, *y*, *z*, *t*), applied to the exterior nodes of the 3D model, were determined from Eq. (3), using the selected peak current value *I*= 1000 A. The solutions of Eq. (3) for stimulation coils in fan configuration, located at selected basic positions (A) and (B) of the model, are presented in Figs. [3(a)](#F3){ref-type="fig"} and [3(b)](#F3){ref-type="fig"}, respectively.

![Magnetic vector-potential distribution over the external surface of the domain, obtained for 1000 A peak excitation current and 10 kHz frequency, for the basic coils position (A)-(a) and (B)-(b).](1475-925X-2-19-3){#F3}

Using the software for FEM modeling, harmonic magnetic analysis was performed to obtain the eddy current distribution in the medium. Figures [4](#F4){ref-type="fig"},[5](#F5){ref-type="fig"},[6](#F6){ref-type="fig"},[7](#F7){ref-type="fig"} represent the current distribution profiles in the medium (a) and separately in the nerves (b), studied for both coil dispositions -- (A) (Fig. [4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}) and (B) (Figs. [6](#F6){ref-type="fig"}, [7](#F7){ref-type="fig"}), each examined in two versions -- homogeneous and non-homogeneous anisotropy for the nerve and muscle region.

![Distribution of the current density vector modulus in homogeneous domain (a) and in the nerves (b), for coils position (A).](1475-925X-2-19-4){#F4}

![Distribution of the current density vector modulus in non-homogeneous domain (a) and in the nerves (b), for coils position (A).](1475-925X-2-19-5){#F5}

![Distribution of the current density vector modulus in homogeneous domain (a) and in the nerves (b), for coils position (B).](1475-925X-2-19-6){#F6}

![Distribution of the current density vector modulus in non-homogeneous domain (a) and in the nerves (b), for coils position (B).](1475-925X-2-19-7){#F7}

As was noted in the Background section above, excitation of peripheral nerves is achieved by electrical current or magnetically induced current, especially by the current component parallel to the nerve. The induced current density distribution (*Jz*) depends on the electric field, but also on the tissue specific resistivities. Excitation will occur at sites where the local current density exceeds a certain threshold.

The results for the current density component *Jz*in the nerves are summarized in Table [1](#T1){ref-type="table"}. The parameter \"Ratio J~z~^max\ 10%^\" rates how many times the current density in the stimulated nerve was higher than *J*~*z*~in the opposite nerve, estimated over 10% of the elements with maximum *J*~*z*~. This parameter is used to measure the possibility and quality for selective stimulation.

###### 

Current density data (Jz component) in the nerve fibers for the two coil positions, in homogeneous and non-homogeneous model.

  *Coil Position*   *Homogeneity & Isotropy*   *Median nerve*   *Ulnar Nerve*   *Ratio*                        
  ----------------- -------------------------- ---------------- --------------- --------- ------ ------ ------ ------
  A                 Yes                        10.45            7.38            3.1       0.66   0.59   0.34   12.5
  A                 No                         45.00            29.74           11.41     3.98   3.71   2.04   8.01
  B                 Yes                        0.70             0.62            0.37      2.06   1.74   0.87   2.81
  B                 No                         3.44             2.95            1.58      7.98   6.35   2.91   2.15

-- maximum value of the current density (*J*~*z*~) along the median nerve or ulnar nerve. -- average value of *J*~*z*~for 10% of the elements with highest *J*~*z*~values along the corresponding nerve; -- average value of *J*~*z*~in the respective nerve. Ratio -- represents the ratio of in the stimulated nerve related to for the nerve, which is not to be stimulated.

The graphs of the eddy current distribution profile *J*= *J*(*z*) along a line parallel to the nerve fiber axis *Z*, chosen to include the elements with higher current density, are shown in Fig. [8](#F8){ref-type="fig"}. The subplots Fig. [8](#F8){ref-type="fig"} (a-d) correspond to the four cases presented in Table [1](#T1){ref-type="table"}. Following Ohm\'s law in differential form (Eq. 11), data for the electric field distribution profile *E*= *E*(*z*) can be directly obtained using the nerve specific resistivity along the Z-axis: ρ~*z*~= 1/σ~*z*~= 1 Ω*m*. The distribution of the eddy current vector is shown in Fig. [9](#F9){ref-type="fig"}.

![Eddy current distribution profile *J*= *J(z)*along a line parallel to the nerve fiber axis (*z*), for coils position (A): (a) -- homogeneous domain, (b) -- non-homogeneous domain, and for coil position (B): (c) -- homogeneous domain, (d) -- non-homogeneous domain.](1475-925X-2-19-8){#F8}

![Distribution of the eddy currents vector in homogeneous (a) and non-homogeneous (b) domains, excited by coil in position (A).](1475-925X-2-19-9){#F9}

Discussion
==========

We should note that the image definition (Figs. [4](#F4){ref-type="fig"},[5](#F5){ref-type="fig"},[6](#F6){ref-type="fig"},[7](#F7){ref-type="fig"}) and the current profiles smoothness (Fig. [8](#F8){ref-type="fig"}) depend on the finite element mesh size used, which was restricted by the total number of elements in the model and their respective distribution (Fig. [2](#F2){ref-type="fig"}).

The impact of considering non-homogeneity and anisotropy in this particular task can be assessed by comparing the respective current density distributions in Figs. [4](#F4){ref-type="fig"},[5](#F5){ref-type="fig"} and Figs. [6](#F6){ref-type="fig"},[7](#F7){ref-type="fig"}. The eddy currents in the non-homogeneous model are concentrated in low resistivity regions under the stimulation coils. Moreover, the maximum eddy current density in the nerves was found to be significantly higher in the case of non-homogeneous domain -- about 4.31 times for the median nerve and 4.91 times for the ulnar nerve (Table [1](#T1){ref-type="table"}). The selected average value of the homogeneous domain specific resistivity (ρ = 5 Ωm) is lower than that of the compound structure, where the bone (ρ = 160 Ωm) and other tissues (ρ \> 5 Ωm) occupy more than about 33% and 25% of the domain, respectively. The blood vessels, having much lower specific resistivity, cover negligibly smaller portion of the domain.

Another way to present the inadequacy of homogeneous analysis can be seen in the graphs of Fig. [8](#F8){ref-type="fig"}. As shown above, *J*~*z*~for the coil position (A) in the non-homogeneous domain has four to five times higher peak value than in the homogeneous medium. The current density is not exactly proportional to the conductivity because current density distribution is considered -- *J*will depend on conductivity of adjacent structures due to compression or rarefaction of current lines. These results might be useful for future research related to stimuli propagation along the nerve.

In connection with the profiles of Fig. [8](#F8){ref-type="fig"}, it should be noted that at every node of the boundary surfaces the value of the vector-potential was obtained from the coil current. The eddy currents induced were defined by solving this boundary problem with dependence of the specific resistivities in each volume element and of the accepted equivalent frequency. *Jz*is therefore not restricted to a condition *Jz*= 0 at the boundaries, so that the profiles obtained might be accepted as realistic. Also, the model length of ± 2 cm compared to the 1 cm active coil side seems to be an acceptable compromise.

The possibilities for selective stimulation were assessed. The distances between coils and nerves should be taken into account. As specified in Methods section above, these distances are (Fig. [2](#F2){ref-type="fig"}): from coil position A to the median nerve 13,5 mm, and to the ulnar nerve 40 mm; from coil position B to the median nerve 38 mm and to the ulnar nerve 18,3 mm.

The selectivity was estimated by the parameter \"Ratio ![](1475-925X-2-19-i13.gif)\" (see Table [1](#T1){ref-type="table"}). The coil position (A) results in induction of current density in the stimulated median nerve that is 8 to 12.5 times higher than in the ulnar nerve. The opposite position (B), for ulnar nerve stimulation leads to lesser selectivity -- the induced current density is 2 to 3 times higher than for the median nerve.

Considering the proposed model, some specific comments can be made.

1\. The relatively complicated introduction of stimulation coil currents in the basic FEM software module was avoided. A first step involved an analytical-numerical procedure for obtaining the magnetic vector-potential of the external field. The necessary computation of the integrals in Eq. (3) does not lead to essential difficulties.

2\. The solution of the internal Dirichlet problem, after the already available vector-potential of the external field and its use for defining the boundary conditions, becomes a routine procedure. According to the uniqueness theorem \[e.g. \[[@B17],[@B18]\]\], the solution was unique, considering the limited volume. The accepted non-homogeneity did not infringe on this condition \[[@B14],[@B15]\]. An indirect verification for respecting the uniqueness conditions, even with the introduced partial anisotropy, was the relatively fast convergence of the procedures related to the FEM application.

3\. The program allowed solution of the Helmholtz equation, valid for harmonic mode. The solution for harmonic mode could lead to unstable solutions using FEM, even for analysis in linear domains, depending on various factors (e.g. geometry of the region and sub-regions, type of mesh generator, elements used, etc). The proposed approach yielded stable solutions in all cases.

4\. A more accurate model would require increasing the domain longitudinal dimension while preserving solution stability. Increasing the length from 4 to 6 cm would raise the number of elements from 114,638 to 180,000. A still more detailed model structure would require more than 600,000 elements.

5\. The excitation system selected, with five fan-like square coils, was one possible application. Optimization procedures could be used, with appropriate criteria and limiting conditions. The selected coil size is rather small, but it is feasible and consistent with the model (and wrist) dimensions.

6\. Additional studies may include the cable equation (Eq. 1), in relation to propagation velocities along peripheral nerves, by taking into account non-homogeneity and anisotropy, for various coil shapes and positions.

7\. The proposed procedure is applicable, in principle, for electromagnetic stimulation of other excitable structures.

Conclusion
==========

We have presented an application of the induced electrical field approach to magnetic stimulation of peripheral nerves in non-homogeneous tissues. Solutions of two specific problems were proposed:

• assessment of the induced electrical field gradient under conditions of non-homogeneity and in relation to possible solution of the cable equation;

• analysis of the possibilities for selective stimulation.

The method developed is of limited accuracy, but its possible errors should be considered in view of the various random factors appearing in the process of stimulation. The results presented demonstrate that neglecting non-homogeneity and to some extent anisotropy, could introduce essential and strongly misleading errors.
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